Bridging the genotype-phenotype gap for traits of ecological and evolutionary importance in natural populations can provide a novel insight into the origin and maintenance of variation. Here, we identify the gene and putative causal mutations underlying a recessive colour pattern phenotype ('self' or uniform colour) in a wild population of primitive Soay sheep. We targeted the agouti signalling protein (ASIP) gene, a positional candidate based on previous study that mapped the Coat pattern locus to a presumptive region on chromosome 13. We found evidence for three recessive mutations, including two functional changes in the coding sequence and a putative third cis-regulatory mutation that inactivates the promoter. These mutations define up to five haplotypes in Soays, which collectively explained the coat pattern in all but one member of a complex multi-generational pedigree containing 621 genotyped individuals. The functional mutations are in strong linkage disequilibrium in the study population, and are identical to those known to underlie the self phenotype in domestic sheep. This is indicative of a recent (and simultaneous) origin in Soay sheep, possibly as a consequence of past interbreeding with modern domestic breeds. This is only the second study in which ASIP has been linked to variation in pigmentation in a natural population. Knowledge of the genetic basis of self-colour pattern in Soay sheep, and the recognition that several mutations are segregating in the population, will aid future studies investigating the role of selection in the maintenance of the polymorphism.
Introduction
Bridging the genotype-phenotype gap for traits of ecological and evolutionary importance in natural populations is a fundamental goal of evolutionary genetics (Feder and Mitchell-Olds, 2003; Stinchcombe and Hoekstra, 2008) . Establishing such links can shed light on the origin and maintenance of phenotypic variation in the wild (Hanski and Saccheri, 2006; Ellegren and Sheldon, 2008; Gratten et al., 2008; Anderson et al., 2009) , and for traits that are shared by wild and domestic relatives of the same species, can provide insights into the history of domestication (Fang et al., 2009; Ludwig et al., 2009) . A valuable model system for addressing this challenge is pigmentation in mammals, because it is highly variable, particularly in domestic species (Hoekstra, 2006; Mundy, 2007) , and the gene networks involved in melanin synthesis and transport have been characterized in domestic mice (Bennett and Lamoreux, 2003) . Another reason is that mutations in a few key genes, such as the melanocortin 1 receptor (MC1R), have been documented in many wild (Vage et al., 1997; Ritland et al., 2001; Nachman et al., 2003) and domestic (Klungland et al., 1995; Kijas et al., 1998; Vage et al., 1999; Newton et al., 2000) mammals, supporting a candidate gene approach to gene discovery.
In a wild population of Soay sheep on St Kilda, a majority of individuals (B95%) have a typical wild-type mammalian pigmentation pattern (dark upper body and pale belly), and the remainder are uniformly, or 'self' coloured (Clutton-Brock and Pemberton, 2004) (Figure 1 ). This phenotype also occurs in domestic sheep, in which it is understood to be a product of positive artificial selection for novel colour variants during domestication (Sponenberg, 1997) , as has been described in pigs (Fang et al., 2009) and horses (Ludwig et al., 2009) . In contrast, Soay sheep are among the most primitive of all surviving breeds (Chessa et al., 2009 ) and have experienced a long history of natural selection (Clutton-Brock and Pemberton, 2004) . Therefore, there is considerable interest in the genetic basis, evolutionary origin and maintenance of the polymorphism in this population. Previous studies in Soay sheep indicate that inheritance of recessive selfcolour pattern is consistent with the action of a singlelocus agouti, at which the wild-type allele (A þ ) is dominant to self (A a ) (Clutton-Brock and Pemberton, 2004) . We recently mapped this locus to a region of chromosome 13 that is likely to contain the candidate gene, agouti signalling protein (ASIP) (Beraldi et al., 2006) .
The ASIP gene encodes for a signalling molecule that inhibits the binding of MC1R to its ligand, a-melanocyte stimulating hormone, inducing a switch from production of eumelanin (black or brown pigment) to pheomelanin (yellow or red pigment) in melanocytes (Jackson, 1994) . Consequently, recessive mutations that either impair agouti protein function or abrogate ASIP expression result in more darkly pigmented self phenotypes.
Conversely, dominant mutations arising from deregulated expression of ASIP result in lighter phenotypes. ASIP has been linked with natural mammalian colour variation in only one instance (Steiner et al., 2007) , but numerous functional and regulatory mutations have been identified in domestic species, including mice (Bultman et al., 1992) , cattle (Girardot et al., 2006) , dogs (Kerns et al., 2004) , horses (Rieder et al., 2001) , pigs (Drogemuller et al., 2006) and sheep (Smit et al., 2002; Norris and Whan, 2008; Royo et al., 2008) .
In domestic sheep, mutations at ASIP account for two of the three pigmentation phenotypes that have been genetically characterized to date. Dominant white colour is caused by deregulated expression of the agouti protein, resulting from a 190-kbp genomic duplication that places a functional ASIP-coding sequence under the control of a duplicated promoter from the neighbouring itchy homolog E3 ubiquitin protein ligase (ITCH) locus (Norris and Whan, 2008) . Recessive self-colour pattern is caused by an absence of ASIP expression, presumably arising from a cis-regulatory mutation that inactivates the promoter (Norris and Whan, 2008; Royo et al., 2008) , but may also result from the expression of functional mutations in exon 2 (Smit et al., 2002; Royo et al., 2008) and exon 4 (Norris and Whan, 2008) . The third genetically characterized pigmentation phenotype in sheep is dominant black, which is caused by functional mutations in the MC1R-coding sequence that generate a constitutively activated receptor (Vage et al., 1999) . A further pigmentation phenotype has been characterized in wild Soay sheep; this is a dilution of the ancestral dark brown coat and is caused by a single non-synonymous mutation in the TYRP1 gene, such that wild and self-type sheep can be either dark or light brown (Gratten et al., 2007) . This recessive colour polymorphism segregates independently of self-colour pattern (Coltman and Pemberton, 2004) and is therefore not the focus of this paper.
Neither the dominant white nor dominant black phenotypes have been documented in Soay sheep, whereas the mutations underlying recessive self-colour pattern in domestic sheep may be the same, or distinct from those present in Soays. Addressing this question is of interest for several reasons. If novel mutations are present in Soay sheep, then this would represent evidence for independent evolution of a convergent phenotype. Conversely, if the self-colour pattern mutations are shared, then genetic variation in Soays may be ancestral or more recently derived because of interbreeding with modern domestic breeds; either way this is crucial to our understanding of the maintenance of the polymorphism. In this study, we combined an investigation of the ASIPcoding region with gene expression analyses, association studies and linkage mapping to elucidate the genetic basis of recessive self-colour pattern in Soay sheep. This knowledge will facilitate future studies on the role of selection in the maintenance of the polymorphism.
Materials and methods

Study population
The Soay sheep is a primitive feral breed that is thought to resemble the earliest domestic sheep that migrated into Europe during the Neolithic agricultural revolution (Clutton-Brock and Pemberton, 2004; Chessa et al., 2009 ). The breed is endemic to the island of Soay in the St Kilda archipelago (Scotland, UK, 57149 0 N, 8134 0 W), but a freeliving population was established on the neighbouring island of Hirta in 1932. The population in Village Bay, Hirta, has been studied on an individual basis since 1985. Each spring, at least 95% of lambs born in the 230 Ha study area have been caught, ear tagged (to enable individual identification), sampled for genetic analysis and phenotyped for coat pattern (Clutton-Brock and Pemberton, 2004) .
Sequence diversity in the Soay sheep ASIP gene We characterized sequence diversity in the ASIP-coding region in Soay sheep by amplifying and sequencing each of the three coding exons (2-4) in six wild and six selftype sheep. Genomic DNA was extracted from ear punches using the QIAamp DNA Mini kit (QIAGEN, Dusseldorf, Germany), following the standard protocol for animal tissues. A consensus sequence of the entire ovine ASIP gene was assembled from publicly available 454 sequence data using the CAP3 program (Huang and Madan, 1999) . Using this reference sequence, PCR primers were designed using Primer3 (Rozen and Skaletsky, 2000) within intronic regions flanking exon 2 (ASIP_F2, ASIP_R2), exon 3 (ASIP_F3, ASIP_R3) and exon 4 (ASIP_F4, ASIP_R4; Supplementary Table S1). PCRs were carried out in 50-ml reaction mixture using B50 ng genomic DNA, 0.5 U Taq polymerase (Bioline, London, UK), and a final concentration of 1 Â PCR buffer (Bioline), 2.0 mM MgCl 2 , 0.2 mM dNTPs and 0.5 mM of each primer. The PCR reagent mix for exon 4 included QIAGEN's Q-solution at a final concentration of 1 Â , to account for high GC base content in this region. PCR reactions were carried out on an MJ DNA Engine Dyad thermal cycler (MJ Research, Waltham, MA, USA) using a two-stage touchdown thermal cycling program. In the first stage, the annealing temperature (T a ) was decreased by 11C per cycle from 60 to 51 1C (a total of 10 cycles). In the second stage, T a was set to 50 1C for an additional 25 cycles. In each case, one thermal cycle comprized 94 1C for 30 s, T a for 30 s and 72 1C for 1 min.
Initial denaturation of genomic DNA was carried out at 94 1C for 3 min, and we included a final extension at 72 1C for 5 min. PCR products were gel-purified using the Wizard gel extraction kit (Promega, Madison, WI, USA) and then sequenced in both directions using standard protocols (BigDye Terminator mix v. 1.1, Applied Biosystems, Foster City, CA, USA). DNA sequence extension products were resolved by capillary electrophoresis on a 3730 instrument (Applied Biosystems). Chromatograms were visualized and edited using SEQSCAPE v2.1 (Applied Biosystems) and aligned in CLUSTAL X (Thompson et al., 1997) .
Association between coat pattern and ASIP We quantified the association between coat pattern and ASIP by genotyping two putative functional mutations in 691 members of a complex multi-generational pedigree comprising 882 sheep. The pedigree used for this analysis and for the linkage mapping study (below) is described in Beraldi et al. (2006) . Methods for isolation of genomic DNA have been described previously (Gratten et al., 2007) . Genotyping was carried out using the multiplex SNP Scoring by Colour And Length Exclusion (SNP-SCALE) method (Kenta et al., 2008) . Tailed allelespecific oligonucleotides (ASOs) and common reverse oligonucleotides for each assay were designed using Primer3 (Rozen and Skaletsky, 2000) . Universal fluorescent oligonucleotides (UFOs), identical in sequence to the 5 0 tails attached to the ASOs, were selected from those previously described by Kenta et al. (2008) . Multiplex PCR was carried out in 2-ml reaction mixture containing B20 ng DNA (dried), 1 ul QIAGEN multiplex PCR master mix, 0.02 mM of each ASO (APS077_ ASO_N þ T2, APS077_ASO_D þ T4, APS078_ASO_A þT1, APS078_ASO_T þ T2), 0.2 mM of each CRO (APS077_ CRO2, APS078_CRO), 0.2 mM of UFO_T2_FAM and 0.1 mM of UFO_T1_VIC and UFO_T4_NED (Supplementary Table S1 ). The PCR thermal cycling program was the same as that described above, with the following exceptions: genomic DNA was denatured initially for 15 min at 94 1C, the final extension at 72 1C was for 10 min, and each thermal cycle comprized 94 1C for 30 s, T a for 90 s and 72 1C for 90 s. PCR products were visualized on a 3730 DNA Analyzer (Applied Biosystems) and sized relative to LIZ500 size standard (Applied Biosystems) using the GeneMapper 3.7 software package (Applied Biosystems).
We used PedCheck v1.1 (O'Connell and Weeks, 1998) to screen for Mendelian inconsistencies and either resolved or removed the identified mismatches. We tested for nonrandom association of coat pattern and genotype at each of the two ASIP mutations using Fisher's exact test. The assumption of independence between data points is not strictly adhered to in our analysis because individuals are related, but analyses based solely on the mapping panel founders (N ¼ 44) give qualitatively the same result. Calculations were carried out in R v2.8.0 (R Development Core Team). We inferred maternal and paternal two-locus haplotypes for each individual in the pedigree using default run parameters in Simwalk 2.91 (Sobel and Lange, 1996) . Owing to the large size of the pedigree and the presence of inbreeding loops, we split the pedigree into 15 approximately independent sub-pedigrees (up to 200 individuals and three generations) using the CRIGEN function in a version of the CRIMAP v2.4 software (Green et al., 1990) modified by Xuelu Liu (Monsanto Company, St Louis,
MO, USA). Simwalk input files and linkage disequilibrium (LD) estimates (D
Cramer's V) were obtained using the GOLD software package (Abecasis and Cookson, 2000) .
Genetic linkage between coat pattern and ASIP We added two putative functional ASIP mutations to chromosome 13 of the Soay sheep linkage map described in Beraldi et al. (2006) , using Xuelu Liu's (Monsanto) version of CRIMAP v2.4 (Green et al., 1990) . We used the TWOPOINT command to detect linkage with existing chromosome 13 markers and the BUILD and FLIPS commands to identify optimal marker order, using the published chromosome 13 Soay sheep map as a starting point. Finally, we used the CHROMPIC command to identify and remove potentially spurious double or triple recombinants indicative of genotyping error.
Expression of ASIP in Soay sheep
We tested for ASIP expression in skin collected from wild (N ¼ 6) and self-type (N ¼ 6) Soay lambs at between 2 and 4 days of age. Isolation of total RNA and synthesis of cDNA was carried out as described in Gratten et al. (2007) . Primers were designed to amplify an 82-bp cDNA product spanning exons 2 and 3 (qASIP_F1 and qASIP_R1, Supplementary Table S1 ). End-point reverse transcriptase-PCR was carried out in 10-ml reaction mixture using B200 ng cDNA, 0.5 U Taq polymerase (Bioline) and a final concentration of 1 Â PCR buffer (Bioline), 1 Â Q-solution (QIAGEN), 2.0 mM MgCl 2 , 0.2 mM dNTPs and 0.5 mM of each primer. PCR reactions were carried out on an MJ DNA Engine using a twostage touchdown thermal cycling program, identical to that described above for amplification of the coding exons. In each case, one thermal cycle comprised 94 1C for 30 s, T a for 30 s and 72 1C for 30 s. PCR products were visualized by agarose gel electrophoresis.
Results
Sequence diversity in the Soay sheep ASIP gene We determined the complete 402-bp coding sequence of the ASIP gene in six wild and six self-type Soay sheep and confirmed sequence identity using BLAST (GenBank accession no. FJ889180, FJ889181). Three polymorphisms were identified, all of which have been previously reported in domestic sheep (Smit et al., 2002; Norris and Whan, 2008) . A 5-bp deletion, g.100-104delAGGAA (hereafter referred to as D 5 ), was present in exon 2. This is a frame-shift mutation that introduces a premature stop codon at amino acid position 64, resulting in a mature peptide that lacks the functionally important cysteine-signalling domain. There were also two single nucleotide polymorphisms (SNPs) in exon 4, one of which (g.5172T-A) is a non-synonymous mutation that is predicted to cause a cysteine to serine substitution at codon 126 within the signalling domain of the protein.
All seven cysteine residues at the 3 0 terminus of the ASIP amino acid sequence are highly conserved across mammals (data not shown), suggesting strong functional constraint on loss-or-gain of cysteine mutations. Thus, D 5 and g.5172T-A are both likely to influence the function of the Agouti protein, as has been previously proposed by Norris and Whan (2008) . The second SNP (g.5051G-C) is synonymous and would not be expected to cause a functional change. All six self-type sheep were homozygous for a putatively non-functional haplotype comprising D 5 , g.5051C and g.5172A, whereas wild-type sheep were either homozygous for a functional haplotype containing the non-deleted allele at g.100-104 (referred to as N 5 ), g.5051G and g.5172T (N ¼ 4), or were heterozygous at all three positions (N ¼ 2).
Association between coat pattern and ASIP We obtained high-quality genotypes for D 5 and g.5172T-A in 650 and 624 sheep (out of a total of 691), respectively. Genotype was strongly associated with coat pattern at each mutation (Fisher's exact test: Po2.2e
À16 , for both D 5 and g.5172T-A; Table 1 ). We used pedigree information to infer unambiguous maternal and paternal haplotypes in a total of 621 sheep that were phenotyped for coat pattern (93.88% wild, 6.12% self; Table 2 ). The two putative loss of function mutations (D 5 and g.5172A) were almost always inherited together, as were the two functional alleles (N 5 and g.5172T; haplotype frequencies:
, suggesting strong LD between the two polymorphisms (LD based on 44 haplotyped founders: Table 2 ). The remaining four self-type sheep had either an N 5 T-N 5 T or N 5 T-D 5 A diplotype, both of which would predict a wild phenotype. Sequencing of the entire ASIP-coding region in each of these individuals failed to identify any novel mutations, suggesting that a third recessive mutation may exist in a cisregulatory region.
Most wild-type sheep were homozygous for N 5 T (382/ 583, 65.5%), and a substantial proportion had a N 5 T-D 5 A diplotype (183/583, 31.4%). Of the remainder, a small proportion were heterozygous for the N 5 A haplotype (N 5 T-N 5 A, 16/583, 2.7%), one sheep was found to carry the D 5 T haplotype (N 5 T-D 5 T, 0.2%) and a single individual was homozygous for D 5 A, which would predict a self phenotype. Four of the six diplotypes that would predict a self phenotype were not observed in any sheep (Table 2 ). This is unsurprising given the extent of LD between mutations and the size of the pedigreed population. In total, 99.2% of sheep (616/621) had phenotypes that were consistent with the morph predicted by their coding-region diplotype.
Genetic linkage between coat pattern and ASIP The coat pattern locus in Soay sheep has been previously mapped to a position on chromosome 13 containing the microsatellite CTSBJ12 (Beraldi et al. 2006) . In this study, we added the ASIP gene to the chromosome 13 linkage map using genotype data for the D 5 and g.5172T-A coding mutations in the mapping pedigree (Figure 2 ). We found no evidence for recombination between CTSBJ12 and either D 5 or g.5172T-A (two-point logarithm of odds (LOD) ¼ 2.41 and 2.71, respectively), whereas there was evidence for recombination between ASIP and all other chromosome 13 markers (N ¼ 8) . ASIP therefore maps to the same location as the Coat pattern locus.
Expression of ASIP in Soay sheep
Gene expression studies were used to try to resolve the five apparent mismatches between phenotype and coding-region diplotype, in particular, whether there was evidence of a third cis-regulatory mutation affecting coat pattern. We could not directly quantify ASIP expression in skin tissue from the mismatching sheep as they are deceased. As an alternative, we carried out end-point reverse transcriptase-PCR of ASIP expression in skin tissue collected from wild (N ¼ 6) and self-type (N ¼ 6) lambs. This analysis revealed ASIP mRNA transcripts in all wild-type lambs, each of which carried one or more copies of an intact N 5 T-coding region haplotype, whereas five of the six self-type lambs showed no evidence for ASIP transcription (Supplementary Figure S1 ). The self-type individual that was an exception had a N 5 A-D 5 A diplotype, whereas the remaining selfs were homozygous for D 5 A. This suggests that haplotype D 5 A, and in particular the 5-bp deletion in exon 2, is in LD with a cis-regulatory mutation that Table 1 .
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inactivates the promoter, whereas the N 5 allele is normally associated with an intact promoter. It follows that the four mismatching self-type individuals (that is, those with one or more intact N 5 T-coding haplotypes) may be carrying recombinant N 5 T haplotypes in which the promoter is silent. On the other hand, the presence of a cis-regulatory mutation cannot explain the single wild-type mismatch.
Discussion
We have previously shown that the Coat pattern locus in Soay sheep maps to a region on chromosome 13 that is likely to contain a single candidate gene, ASIP (Beraldi et al., 2006) . Here, our investigation of this gene in wild and self-type Soay sheep, including analyses of coding sequence variation and gene expression, revealed evidence for three recessive mutations, two functional changes in the coding sequence (a 5-bp deletion at position g.100-104 in exon 2 and a non-synonymous T-A SNP at position g.5172 in exon 4) and a third putative cis-regulatory mutation that inactivates the promoter. These mutations, all of which have been identified or inferred in domestic sheep (Smit et al., 2002; Norris and Whan, 2008; Royo et al., 2008) , collectively explained coat pattern in all but one member of a complex multigenerational pedigree of 621 Soay sheep. We also confirmed that the Coat pattern locus and ASIP are tightly linked in Soay sheep by mapping the two putative coding-region mutations. Below, we describe a model for recessive self-colour pattern in Soay sheep, and consider points of similarity and difference between this model and that previously proposed for modern domestic breeds (Norris and Whan, 2008) . We then speculate on the origin of the self phenotype in Soays, and consider the implications for future studies that aim to investigate the role of selection in the maintenance of the polymorphism.
The genetic basis of recessive self-colour pattern in Soay sheep
We propose a model in which recessive self-colour pattern in Soay sheep can be caused by homozygosity of any of three separate mutations in the ASIP gene (Figure 3) . These mutations can, in theory, define up to eight haplotypes, of which seven would be predicted to generate a self phenotype. We found evidence for five of these putative haplotypes in Soays, including four recessive haplotypes. The two coding-region mutations are in strong LD in the study population, and it is clear from the reverse transcriptase-PCR results that this is likely to extend to encompass the third (putative) cisregulatory mutation in the promoter region. Subsequently, two haplotypes account for the majority of chromosomes in the population, one has an intact promoter and a functional N 5 T-coding sequence (haplotype 1) and the other has a silent promoter and a nonfunctional D 5 A-coding sequence (haplotype 2). Haplotype 1 results in a functional agouti protein, such that sheep with one or more copies of this haplotype have a wild-type coat pattern. This haplotype is common in the study population (estimated frequency ¼ 0.770; see below) and is similar to that described in ancient Barbary sheep (Norris and Whan, 2008) , suggesting that it is ancestral in Soays. Haplotype 2 is a recessive haplotype that accounts for almost three quarters of self phenotypes and B20% of all chromosomes in the population. In addition to these common haplotypes, we also found support for the existence of a number of rare haplotypes in which functional (N 5 T) and non-functional (D 5 A, D 5 T and N 5 A) coding sequences are associated with active and/or inactivated promoter regions; these novel haplotypes must be the product of recombination between haplotypes 1 and 2 (Figure 3) . There was evidence, in the form of four self-type sheep with coding diplotypes that would predict a wild-type coat (N 5 T-N 5 T, N 5 T-D 5 A), that recombination between the putative cis-regulatory mutation and downstream coding exons has generated a novel haplotype in which a functional coding sequence (N 5 T) is associated with an inactivated promoter (haplotype 3). Although we were unable to directly quantify ASIP expression in these individuals (because they are deceased), we are confident that these instances of self-colour pattern are due to the presence of a recombinant N 5 T haplotype that is not expressed, as we found no evidence for novel coding mutations in any of the four sheep. Alternative explanations for the mismatches, including genotyping error, phenotyping error and sample mislabelling, can also be dismissed because results were confirmed by repeat genotyping, coat pattern was repeatedly verified for all four sheep during their lifetime and there were no mismatches between these individuals and their parents or offspring at 250 microsatellites used to construct the Soay sheep genetic linkage map (data not shown). On the basis of the observed proportion of animals that were heterozygous (2/185) for N 5 T, but which had a self-type coat pattern, we estimate that 1.08% (95% confidence interval, 0.30-3.86%) of N 5 T chromosomes in Soays have an inactivated promoter region. Thus, the estimated Recombination between the putative cis-regulatory mutation and coding exons would also generate another novel haplotype in which the putatively non-functional D 5 A-coding sequence is associated with an active promoter region (haplotype 4). We found no direct evidence for this haplotype, as expressed and inactivated D 5 A-coding sequences would be expected to generate the same (that is, self) coat pattern. However, unless this putative haplotype has been lost due to drift or selection, it is likely that the D 5 frame-shift mutation is expressed in Soay sheep.
There was also evidence for recombination in Soay sheep between the two putative functional mutations in exons 2 and 4, generating two additional haplotypes, one in which a recombinant N 5 A-coding sequence is expressed (haplotype 5), and another in which a D 5 T-coding sequence is associated with an inactivated promoter (haplotype 6). The reverse transcriptase-PCR results provided direct evidence for an expressed N 5 A haplotype in Soay sheep, as ASIP mRNA transcripts were detected in the single self-type individual with an N 5 A-D 5 A diplotype. This finding also shows that the g.5172A mutation does cause a loss of function in the agouti protein, because if it did not this individual would have had a wild-type pigmentation pattern. In total, six sheep were identified with an N 5 A-D 5 A diplotype and all were self. It is possible that some of these sheep carry an inactivated N 5 A haplotype, but this explanation is less parsimonious because such a haplotype could only arise given more than one recombination event (Figure 3) . One individual was identified with coding haplotype D 5 T, which is likely to represent haplotype 6 with silent promoter.
In summary, we found evidence for four of the seven putative recessive haplotypes (2, 3, 5 and 6), and one other (haplotype 4) may be present at low frequency. The remaining two recessive haplotypes (7 and 8) would only exist if there have been multiple recombination events within ASIP (Figure 3) , which is unlikely (although they may still arise because of future recombination events). A single wild-type sheep with a D 5 A-D 5 A-coding region diplotype was the only individual whose phenotype was not explained by our model. This mismatch may be due to sampling error, although we cannot exclude the possibility of a rare mutation at another locus that antagonizes MC1R in the absence of a functional agouti protein. Haplotype 2, and in particular the putative cisregulatory mutation, explains most instances of the self- T and A are the two alleles at the non-synonymous single nucleotide polymorphism in exon 4 (g.5172T-A). Exon 3 is not shown because no functional mutations are present. Haplotype 1 is the ancestral wild-type haplotype in Soay sheep, with intact promoter and functional N 5 Tcoding sequence. Haplotype 2 is a recessive self haplotype with inactivated promoter and putative non-functional D 5 A-coding sequence, similar to that in domestic sheep (Norris and Whan 2008) , and likely to resemble the first self haplotype to exist in Soays. Recombination at position A, between the promoter region and coding exons, would generate two novel haplotypes, one in which a functional N 5 T-coding sequence is not expressed (haplotype 3), and another in which a non-functional D 5 A-coding sequence is associated with an intact promoter (haplotype 4). Recombination at position B, between the putative functional mutations in coding exons 2 and 4, would also generate two novel haplotypes, one in which an intact promoter is associated with a recombined N 5 A-coding sequence (haplotype 5) and another in which an inactivated promoter is associated with a recombined D 5 T-coding sequence (haplotype 6). Recombination at both A and B is unlikely, but would generate two additional haplotypes, one in which the D 5 T-coding sequence is expressed (haplotype 7) and another in which the N 5 A haplotype is not expressed (haplotype 8). Haplotypes 2-8 are all predicted to be non-functional, and thus haplotype 1 is the only functional haplotype. Not drawn to scale.
Genetic basis of colour pattern in wild sheep J Gratten et al colour pattern phenotype, but several other recessive haplotypes, including haplotype 5 in which the g.5172T-A loss of cysteine mutation is expressed, contribute to at least 15% of all self phenotypes (Table 2) . Coat pattern is therefore genetically heterogeneous in free-living Soay sheep, as three independent mutations at the same genetic locus can all determine the self phenotype.
Same genotype-different phenotype One interesting consequence of the self phenotype being recessive and the D 5 and g.5172T-A mutations both being functionally important is that doubly heterozygous individuals could, in theory, have either phenotype depending on allelic phase. The majority of double heterozygotes would be expected to have a wild-type coat pattern and carry the N 5 T-D 5 A diplotype, as these two-coding region haplotypes account for more than 97% of all chromosomes; 183 out of a total of 185 double heterozygotes fulfilled this expectation. However, there are two ways in which doubly heterozygous sheep may express a recessive self phenotype. The first is the case in which the N 5 T haplotype has an inactivated promoter, such that the functional coding sequence is not expressed ( Figure 3) ; we identified two self-type sheep with this putative diplotype. Alternatively, individuals carrying one copy of each of the recombinant haplotypes, N 5 A and D 5 T, would also be self because both result in loss of function at ASIP (irrespective of the third cis-regulatory mutation). It is unsurprising that we failed to observe any self-type sheep in this diplotype category, because LD between the two sites is very extensive.
Points of similarity and difference between Soay sheep and modern domestic breeds There are several important distinctions between models for colour pattern variation in Soay sheep and modern domestic breeds (Smit et al., 2002; Norris and Whan, 2008; Royo et al., 2008) . Perhaps the most striking is that the wild-type agouti allele, which is rare in domestic sheep but typical of their wild ancestors (Sponenberg, 1997) , is common in Soays. This is consistent with the fact that Soay sheep are one of a small group of surviving primitive breeds that migrated into Europe earlier than the immediate predecessors of most modern breeds (Chessa et al., 2009) . Another difference is the absence in Soays of the dominant black (Vage et al., 1999) and dominant white (Norris and Whan, 2008) phenotypes described in domestic sheep, and in particular of the large genomic duplication of ASIP that is responsible for deregulated expression of ASIP resulting in dominant white colour. A final difference is that the TYRP1 mutation underlying dark versus light brown coat colour in Soays is yet to be identified in any domestic breed (although to our knowledge few, if any domestic breeds have been surveyed at this locus).
In spite of these distinctions there is much in common between Soays and domestic sheep in relation to the genetic basis of recessive self-colour pattern. Both of the putative functional mutations in the Soay sheep ASIPcoding region (D 5 and g.5172T-A), as well as a third synonymous exon 4 SNP (g.5051G-C), have been described in modern domestic breeds (Norris and Whan, 2008) . A cis-regulatory mutation is also common to Soays and a number of different domestic breeds (Norris and Whan, 2008; Royo et al., 2008) , although we cannot confirm the homology of this change in the absence of a molecular genetic understanding of the ovine ASIP promoter. Interestingly, not all mutations that have been identified in domestic sheep are segregating in Soays, including a 9-bp deletion in ASIP exon 2 that was described in Romanov sheep by Norris and Whan (2008) .
The origin of self-colour pattern in Soay sheep It is unlikely that the ASIP mutations shared between Soay sheep and modern domestic breeds have arisen independently in each lineage, and thus the diversity is either ancestral, or has been introduced to or from Soays by interbreeding with modern domestic sheep. We propose that the self-mutations originate in domestic sheep, for several reasons. First, Norris and Whan (2008) proposed that recessive self-colour pattern allele(s), which are single copy, were generated by 'nonallelic pairing and recombination and/or gene conversion events' following the genomic duplication responsible for the dominant white phenotype that is present in domestic sheep. As this duplication does not exist in Soays, and the self allele arose after the duplication event, it seems unlikely that the self allele was present in the ancestral Soay population.
Second, the two functional mutations are in strong LD in Soays. This is indicative of a recent and simultaneous origin in the population, and inconsistent with the idea that self haplotypes in Soays are the predecessors of those identified in modern breeds, although we cannot yet rule out alternative explanations, including a past selective sweep, or epistasis favouring particular combinations of alleles. Future studies that aim to quantify the relationship between ASIP diplotype and individual fitness in the study population should help to address this question.
Third, there is historical and genetic evidence for past admixture between Soay sheep and domestic sheep. The historical evidence comes in the form of anecdotal reports of the introduction of the now extinct Scottish short wool or Dunface sheep on to the Island of Soay before 1930 (Elwes, 1912) . The genetic evidence comes in the form of extensive LD around the coat colour gene TYRP1 on chromosome 2 , and in the vicinity of the interferon-gamma (IFN(g)) locus on chromosome 3 (J Gratten et al., unpublished data). In combination with this study, this suggests that extended LD may be a common feature of the Soay sheep genome. Such a pattern is likely to have arisen from demographic events, such as admixture or drift, although we cannot exclude the possibility of a series of local selective sweeps (Nordborg and Tavare, 2002) .
Finally, Soays are among the most primitive surviving domestic sheep, lacking many of the improved production traits found in modern breeds, such as retention of fleece (Clutton-Brock and Pemberton, 2004; Chessa et al., 2009) . This suggests that the ancestors of contemporary Soay sheep did not experience (prolonged) human selection for products such as wool that are secondary to meat, which was the original focus of human domestication (Chessa et al., 2009) . As the accumulation of colour variants in domestic sheep is likely to have coincided with strong artificial selection for various wool traits, it is plausible that Soays diverged from the predecessors of modern breeds before the emergence of much of the colour variation present today.
These observations collectively suggest that a recessive self haplotype, similar to haplotype 2, was first introduced into the Soay population as a consequence of admixture with modern domestic sheep before 1930. Confirmation of this hypothesis will require examination of genome-wide patterns of LD in Soays, in addition to genome surveys for long-range haplotypes in potential source breeds that are shared with Soays.
Summary
In this study we show that recessive self-colour pattern in a free-living population of Soay sheep, a trait previously thought to exhibit single-locus Mendelian inheritance based on analysis of phenotype data (Doney et al., 1974; Clutton-Brock and Pemberton, 2004) , is genetically heterogeneous. The three identified recessive mutations are likely to have originated in domestic sheep, although further analysis will be required to confirm this hypothesis. This is only the second study in which ASIP has been linked to variation in pigmentation in a natural population (Mundy, 2007; Steiner et al., 2007) , and is among the first studies in which genetic heterogeneity for pigmentation has been fully characterized in the wild (Nachman et al., 2003) . This knowledge adds to our general understanding of the diversification of sheep during domestication. More specifically, an understanding of the genetic basis of recessive selfcolour pattern in Soay sheep, and the recognition that several mutations are segregating in the population, will enable the differentiation of phenotypically identical individuals with different underlying genotypes (for example, homozygous and heterozygous wild-type sheep). This knowledge and the understanding that the self phenotype is likely to have a recent origin in the population will enhance future studies that investigate the role of selection in the maintenance of the polymorphism, not least because genetic effects on fitness can be masked at the phenotypic level, for instance by dominance .
